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bstract
This paper presents a single phase single stage grid-tied PV system. Grid angle detection is introduced to allow operation at any
rbitrary power factor but unity power factor is chosen to utilize the full inverter capacity. The system ensures MPPT using the
ncremental conductance method and it can track the changes in insolation level without oscillations. A PI voltage controller and a
ead-beat current controller are used to ensure high quality injected current to the grid. The paper investigates the system structure
nd performance through numerical simulation using Matlab/Simulink. An experimental setup controlled by the MicrolabBox
SP prototyping platform is utilized to realize the system and study its performance. The precautions for smooth and safe system
peration including the startup sequence are fully considered in the implementation.
 2016 Electronics Research Institute (ERI). Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
The usage of electrical energy generation with alternative sources is increasing significantly, due to the general
oncern about the environment and generation with nonrenewable sources. This fact encourages the development of
echnologies and new researches, to come up with solutions to allow the connection of the new systems to the grid
n a safe and reliable way. Single phase-PV grid connected systems present suitable solution for small PV system
nstallations. Many publications discussed this topic from different points of view. A prototype of a PV-grid connectedPlease cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
ingle phase converter was introduced in Reis et al. (2015). To synchronize the photovoltaic system output and the AC
rid a PLL (phase-locked loop) was implemented, carrying out the angle detection in the grid. A single stage, single
hase transformer-less inverter with zero leakage current was proposed for PV interfacing to the grid in Chamarthi
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et al. (2015). To ensure low dc input voltage and zero leakage current through the parasitic capacitance of the PV array,
the proposed inverter has common ground between the negative terminal of the PV array and the grid neutral.
The analysis and simulation of Full Bridge Inverter with dc Bypass was investigated in Afshari et al. (2015).
According to the authors, this type of inverter not only has low leakage current and high efficiency, but it also enables
the reactive power injection to the grid. The authors in Raghuwanshi and Gupta (2015) presented a complete simulation
model of a single phase double-stage grid-connected photovoltaic PV system with associated controllers. The main
component of the single phase grid-connected PV system are, a PV array, a dc–dc boost converter, a PWM based voltage
source inverter and filter. For high efficiency of the PV system maximum power point tracking (MPPT) algorithm is
used.
A Maximum Power Point Tracker (MPPT) topology for a single phase, grid-connected PV system was suggested
in Tran (2015). The MPPT was designed so that current reference is computed directly from the PV voltage and PV
current to assure the system’s stability with simple control algorithm. They compared their results with other methods
such as Ripple Correlation Control method. Boonmee and Kumsuwan (2015) introduced the implementation of the
ripple correlation control technique maximum power point tracking and the current control based-on the rotating
reference frame application for a single-phase voltage source inverter grid-connected photovoltaic system. The authors
of reference (Jahanbakhshi et al., 2015) presents a deadbeat current controller for single phase PV grid connected
inverters. They used a control method based on a discrete-time model of the system in order to produce the inverter
voltage for good tracking of the current reference.
High-volume capacitance is required to buffer the power difference between the input and output ports in single
phase grid-connected photovoltaic inverters, which become an obstacle to high system efficiency and long system’s
lifetime. The authors in Liao et al. (2014) and Xiao et al. (2015) presented methods, which addressed the existing
dc-link double-line-frequency voltage ripples in single-phase grid-connected PV inverters. An inverter topology was
proposed which has an active decoupling function, which not only eliminated the double line frequency ripple power in
the dc-link but also accepted large voltage ripple across the decoupling capacitor in order to reduce the requirement of
the decoupling capacitance (Liao et al., 2014). While the authors in Xiao et al. (2015) proposed an adaptive filter, which
can filter the double-line-frequency voltage ripples. This filter is inserted into the dc-link voltage feedback control loop.
In the presence of grid frequency variations, the conventional repetitive control fails to produce high quality feeding
current. Paper (Zhou et al., 2015) introduced a frequency adaptive repetitive control strategy for grid converters, which
employs fractional delay filters in order to adapt to the change of the grid frequency. To enhance the output current
of the converter and to minimize the Total Harmonic Distortion THD, a VSI with improved predictive current was
suggested and tested in Salem and Atia (2015) The authors in Hu et al. (2015) analyzed a two-stage inverter topology
with the consideration of active power, dc-link voltage, ripple and capacitance. This study proposed a comprehensive
dc-link voltage control strategy to minimize the DC capacitance while maintaining a normal system operation.
In reference Galád et al. (2015), the authors compared the parameters and efficiency of different single-phase
transformer-less topologies and analyzed the power losses.
Reliable and protected solar inverter is necessary for effective grid implementation. The authors in Arya and
Saini (2015) suggested an Anti-islanding protection scheme by using high speed AC circuit breaker, according to the
Standards. The capability of a grid-tied low voltage photovoltaic to comply with the Fault Ride Through standard was
discussed in Perpinias et al. (2015). The behavior of Single Phase Grid Connected PV Systems under faulty conditions
is investigated. The proposed control concept enables the distributed PV Systems to contribute during faults with
currents quite higher than their nominal ones, serving the FRTC demands by injecting reactive power amounts.
In this paper, a single phase single stage grid-tied PV system is presented. The system is designed to operate
smoothly at unity power factor to enable economical utilization of the full inverter capacity, thanks to the dead-beat
current control concept. However, operation at any arbitrary power factor is quite possible in cases of availability of
free inverter capacity due to possible drop in available solar power. The system ensures MPPT using the incremental
conductance method and it can smoothly track the changes in insolation without oscillation. The paper investigates the
system structure and performance through numerical simulation using Matlab/Simulink and the system performance is
thoroughly tested through an experimental setup controlled using the MicrolabBox DSP prototyping platform offeredPlease cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
by dSPACE.
The paper is organized as follows, Section 2 presents the system structure and the control philosophy, and Section
3 presents the control algorithms for the incremental conductance maximum power point tracking technique and
the predictive current control technique. Section 4 presents and compares the system performance using numerical
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imulation along with the experimental results for the same conditions. Finally, Section 5 presents the conclusion of
his study.
.  System  description
This paper addresses single phase single stage grid connected PV system. As shown in Fig. 1a, the system is
omposed of a PV array of a double parallel strings each comprising 12 modules in series, the module characteristics
re given in Appendix 1. The idea behind this configuration is to allow a PV voltage that is suitable for single stage
onfiguration and to simulate the change of insolation level by switching between one or two parallel strings. The dc
erminals of the array are connected to the single phase IGBT inverter across a dc capacitor of 3300 F through the
ontactor SW1. Fig. 1b shows a photograph of the actual setup used for this study.
As shown in Fig. 2, the controller closes the contactor SW1 thus connects the PV array to the dc link of the inverter
nd starts charging the capacitor. The controller delays the connection of the grid to the inverter intentionally for a
redefined period for two reasons. The first is to prevent charging the capacitor from the grid (thus avoids AC inrush
harging current from the grid). The second is to ensure full convergence of the grid angle estimation with the real grid
ngle. The capacitor is pre-charged from the PV array through a pre-charging resistance to limit the inrush charging
c current to an acceptable limit. After the capacitor reaches a pre-defined voltage level which is monitored by the
ontroller, the controller shorts the pre-charging resistor by closing the contactor C1.Please cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
For unity power factor operation, the grid angle is to be accurately detected. A dedicated algorithm based on grid
oltage measurement is used by the controller to monitor the grid angle continually. As soon as grid angle detection
tabilized and C1 is closed, the inverter is connected to the grid through the smoothing reactor (5 mH) by closing the
Fig. 1. System layout.
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Fig. 2. Flow of the system control.Fig. 3. Single phase grid-connected voltage source inverter.
contactor C2 when the grid angle is about /2. The choice of /2 to start grid connection is to limit the starting current
injected into the grid as the grid’s voltage is then at its peak value.
To facilitate the operation of the contactors (SW1, C1 and C2), a block of relays is used to interface the DSP digital
control outputs.
A dedicated DSP controller (dSPACE MicrolabBox) is used to perform the control algorithms of the PV system.
To perform these control tasks, some measurements are needed. The PV terminal voltage is needed for the dc link
voltage control loop. The PV terminal voltage and current are needed for implementing MPPT. The grid voltage is
needed for grid angle detection. It is also need along with the grid current for the control of the grid current.
The single phase inverter is a full bridge configuration composed of four IGBT switches as shown in Fig. 3 with
800 V and 100 A ratings. The inverter is connected to the isolation transformer (1:1 ratio) through a smoothing reactor
(5 mH) via contactor C2.
3.  Control  algorithms
The control algorithms include enforcing the proper sequence of contactors switching, grid angle detection algorithm,Please cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
the MPPT algorithm, the dc link voltage control and the grid current control algorithm.
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.1.  Incremental  conductance  MPPT
Incremental conductance is based on a simple logic as follows:
Ppv =  Vpv ×  Ipv (1)
here Ppv is the power extracted from the PV array, Vpv is the terminal voltage of the array and Ipv is the current drawn
rom the array. Maximum power flows from the PV array when
dPpv
dVpv
=  0 (2)
Applying the above differentiation on (1) yields:
dIpv
dVpv
=  − Ipv
Vpv
(3)
When Eq. (3) is not satisfied, the error signal resulting from the inequality is integrated to generate the reference
alue of the capacitor voltage (i.e. PV string voltage) that minimizes the error signal and ensures the flow of maximum
ower from the PV array.
.2.  DC-link  voltage  control
A PI controller receives the capacitor reference voltage and the actual capacitor voltage (filtered through a low pass
lter) to generate the magnitude (peak value) of the current reference that should be injected into the grid to maintain
he capacitor voltage tracking the reference value generated by the MPPT block. The instantaneous value of the grid
urrent reference is obtained simply by multiplying the reference current magnitude by the sine function of the grid
ngle.
.3.  Grid  angle  detection
The grid angle detection block plays a critical role in ensuring unity power factor operation and in shaping the
eference grid current as shown in Fig. 3. The grid angle detection used in this application is based on phase locked
oop technique.
.4.  Predictive  current  control
The single-phase H-bridge voltage source inverter can be controlled using two PWM switching strategies, namely
i-level and tri-level (Salem and Atia, 2015). In the bi-level switching strategy, the inverter output voltage is switching
etween the positive and negative inverter input dc source, while in the tri-level switching strategy, the inverter output
oltage is switching between the positive (or negative) inverter input dc source and zero voltage.
The proposed current controller in this paper is used to calculate the inverter output voltage required to force the
ctual inverter current (i) to follow the reference current (iref). The difference between iref and i is the current error
ierr).
In tri-level operation, the following equations are valid (Salem and Atia, 2015):
di1
dt
= vdc −  va
L
(4)
di2
dt
= 0 −  va
L
(5)
here di1/dt  and di2/dt  are the rate of change of the inverter current (i) during Ton and Toff time periods of the inverter
witches respectively, vg is the grid voltage, and vdc is the dc-link voltage. To compensate the current error during aPlease cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
witching time period T, the following equation can be used:
ierr = di1
dt
Ton + di2
dt
Toff (6)
Please cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
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For a constant switching frequency the switching time period T  is:
T  =  Ton +  Toff (7)
From Eqs. (4)–(7) Ton can be calculated as follows:
Ton = T ((L/T  )ierr +  va)
vdc
(8)
Then the required modulating signal can be obtained as:
dPWM = Ton
T
= ((L/T  )err +  va)
vdc
(9)
The obtained modulating signal is used to generate the PWM signals required to control the inverter switches and
to determine the inverter output voltage which is represented by the following equation:
vinv =  vdc dPWM = L
T
ierr +  va (10)
Based on Eq. (10), the dc-link voltage has no effect on the inverter output where the modulating signal dPWM
canceled out the effect of dc-link voltage. Consequently, the dc-link voltage has no effect on the THD of the output
current. The THD of the output current depends on the current reference signal only and this is a contribution of the
proposed inverter current controller toward mitigation of the effects of the dc-link double grid frequency voltage ripple.
4.  Simulation  results  and  experimental  veriﬁcation
4.1.  Grid  angle  detection
To illustrate the dynamic performance of the grid angle detection function, a switch is used to enable the grid input
for four consecutive cycles and disable it for one cycle as illustrated in Fig. 4. Fig. 4a and b shows the simulation result
and the experimental observation respectively. It can be noticed that a one cycle time is needed for the algorithm to
converge to the real grid angle. Accordingly a similar delay should be allowed on system startup before connecting the
inverter to the grid. The grid angle detection also enables reactive power supply by the inverter to the grid in case this
feature is desired.
4.2.  Current  control  loop
As illustrated in Fig. 2 and Eqs. (4)–(10), a block receiving grid voltage, capacitor filtered voltage, reference grid
current and measured grid current is charged with the task of determining the switching duty cycle of the single phase
inverter that ensures proper tracking of the reference current.
Fig. 4. Grid angle detection dynamic performance.
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cFig. 5. Test of current tracking (upper: step from 4.56 A to 9.12 A, lower: step from 9.12 A to 4.56 A).
To test the quality of current tracking, outer voltage loop which sets the reference current is temporarily broken and
 2 Hz square shaped reference current stepping between 4.56 A and 9.12 A is enforced as a grid reference current.
ig. 5a and b illustrates the simulation and experimental results of this test scenario respectively. The good quality of
urrent tracking and the compliance of the simulation and experimental results is evident.
.3.  Voltage  control  loop
As explained in Fig. 2, voltage control loop is the outer loop responsible for issuing the peak value of the grid current
eference that can maintain the capacitor voltage at the desired value from the MPPT module. A PI controller is used
egulate the dc link voltage. In this test case whose purpose is to tune the PI controller parameters, the MPPT block
eed is temporarily broken. A stepping reference is used to drive the voltage control loop which alternates between
60 V and 440 V. Fig. 6 illustrates the simulation and experimental results where both results show good tracking and
eneral compliance with each other. Fig. 7 illustrates the grid current tracking upon the step change.
.4.  Maximum  power  point  tracking
The available power from a PV installation is dependent on insolation level mainly among other factors like ambient
emperature. At 25 ◦C and 1000 W/m2 insolation level, the full array output power should be 2 ×  12 ×  295 = 7.080 kW.
o facilitate fast testing of the MPPT performance of the system, one of the two parallel strings composing the PV
rray is connected and disconnected for approximate equal intervals several times to enforce a sudden change (50%)
n available power from the array (can have the same effect of sudden change in insolation which is more difficult toPlease cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
e realized). The MPPT responds to these sudden changes properly to obtain the maximum available power in each
ase as illustrated in Fig. 8. The insolation level is set to 600 W/m2 for simulation.
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Fig. 6. Capacitor voltage reference tracking. Upper trace: Vc ref (ch1), actual Vc filtered (ch2), lower trace: grid reference current peak.
Fig. 7. Current loop performance in simulation during voltage reference step changes.Fig. 8. MPPT performance.
5.  Conclusion
The paper presents, a single phase single stage grid-tied PV system. Although the system was designed to operate
smoothly at unity power factor to enable economical utilization of the full inverter capacity, it can also operate at any
desired power factor. The system ensures MPPT using the incremental conductance method and it can smoothly trackPlease cite this article in press as: Arafa, O.M., et al., Realization of single-phase single-stage grid-connected PV system. J.
Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2016.08.004
the changes in insolation without oscillations. The simulation and the test results showed very good matching. The
investigation covered MPPT technique, voltage control and current control of the system.
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ppendix  A.  Appendix  1
V Type: SUNTEC-STP270S-24 Vb
2 Cell per module.
odule Series Res () = 0.32025
eries Modules = 12
arallel Strings = 2
pen Circuit Voltage = 45.2 V
hort Circuit Current = 8.55 A
PP @ 1000 W/m2
oltage at maximum power = 36.6 V
urrent at maximum power = 8.07 A
ax Module Power at MPP = 295 W
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